M acrophages are professional phagocytic cells that are resident in lymphoid and nonlymphoid tissues and play an important role in the body's defenses (1). Macrophages express a broad range of pathogen recognition receptors (PRRs) to recognize and internalize microorganisms, induce cytokine production, process Ag, then present Ag to T cells, and consequently induce adaptive immunity (2) (3) (4) . TLRs are one of the most important PRRs to recognize distinct microbial components and directly activate APCs (2-4). Eleven TLRs have been identified in humans and 13 in mice and can be divided into two kinds: TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11, which are expressed on the cell surface to sense various foreign components from outside, such as TLR4 for LPS and TLR2 for lipoteichoic acid (LTA) (5); and TLR3, TLR7/8, TLR9, and TLR10, which are localized in endolysosomes and recognize internalized components from pathogens, including dsRNA for TLR3, singlestranded RNA for TLR7, and unmethylated CpG oligodeoxynucleotides (CpG-ODNs) for TLR9 (5) .
Upon stimulation, TLRs require additional proteins to be activated by their respective ligands such as high-mobility group box-1 (HMGB-1), the nucleic acid sensor. Recently, HMGB-1 has been shown to be involved in the regulation of TLR3, TLR7, and TLR9 functions (6) (7) (8) . The absence of HMGB-1 impairs the activation of TLR3, TLR7, and TLR9 in macrophages, but not TLR2 and TLR4 (6, 8) . HMGB-1 is constitutively associated with TLR9 and accelerates the redistribution of TLR9 to early endosomes in response to CpG-ODNs (6) . Nanomaterials, because of their surface-enhanced optical properties and large surface area, hold promise for their applications in biotechnology and biomedicine as diagnostic and therapeutic agents (9, 10) . Gold nanoparticles (GNPs), also known as colloidal gold, have been recommended for the treatment of various diseases since the Middle Ages, although the active mechanism still remains poorly understood (11) . GNP has many advantageous properties such as chemical stability, a highly electrondense core, ease of manipulation of size and shape, and ease of conjugation to drugs and biomolecules (12) (13) (14) (15) (16) . These characteristics make it a good candidate for the design of protein blockers and drug carriers. Moreover, its unique surface plasmon resonance and non-ionizing radiation absorption features also allow it to be used in photothermal therapy (12) and radiotherapy (17) . Although GNP is generally thought to be inert and non-cytotoxic, immunotoxicity is still a concern when applied in biomedical use (18) (19) (20) .
It has been reported that nanomaterials are mainly recognized and phagocytosed by macrophages once in the circulation (21, 22) . The cellular responses induced by nanoparticles are found to be size dependent (23) (24) (25) . Therefore, understanding the biological consequences after ingestion of the nanomaterials in the body is of great importance, particularly in phagocytes that are related to immunological effects. In the current study, we used the murine Raw264.7 macrophage cell line to investigate the consequences of GNP internalization. We found that GNPs engulfed by macrophages inhibit proinflammatory cytokine production by CpGODNs in a size-dependent manner. The GNPs accumulated in lysosomes also affect TLR9 translocation in response to CpG as well as to phagosomes. GNPs can bind the general DNA sensor HMGB-1 in the lysosomal compartment, which may lead to attenuation of TLR9 function.
Materials and Methods

Materials and cell culture
LTA, imiquimod (R837), and polyinosinic-polycytidylic acid (poly I:C) were from InvivoGen (San Diego, CA); CpG oligonucleotides (59-TCCATGACGTTCCTGACGTT-39; CpG-ODN 2395) and fluorescently labeled CpG oligonucleotides (of the same sequence) were purchased from Invivogen and TIB Molbiol (Chino, CA), respectively; and LPS (Escherichia coli serotype 055:B5) was from Sigma-Aldrich (St. Louis, MO). Griess reagent was purchased from Sigma-Aldrich. The primary Abs used, including rabbit p-Ab anti-p-IkBa, IkBa, p-NF-kB, NF-kB, p-JNK, JNK, p-ERK1/2, ERK1/2, p-p38, and p38, were purchased from Cell Signaling Technology (Beverly, MA). Rabbit anti-TLR9, goat anti-EEA1, mouse anti-cathepsin K, and mouse anti-a-tubulin were from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-HMGB-1, rat anti-LAMP-1, rabbit anti-cathepsin B, and goat anti-cathepsin L and S were from Abcam (Cambridge, U.K.), BD Biosciences Pharmingen (San Jose, CA), BioVision (Mountain View, CA) and R&D Systems (Minneapolis, MN), respectively. Murine Raw264.7 cells were cultured in DMEM supplemented with 10% FBS, L-glutamine at 37˚C in a humidified atmosphere under 5% CO 2 . RAW-Blue cells that stably express an NF-kB and AP-1-inducible SEAP were provided by Dr. Kuo-Feng Hua, originally purchased from InvivoGen (26) . The SEAP activities were measured using QUANTI-Blue (InvivoGen) SEAP detection medium. The SEAP levels were determined using a spectrophotometer at 630 nm.
Generation of mouse bone marrow-derived macrophage cells C57BL/6 mice (female, 8-12 wk old) were purchased from the Laboratory Animal Center of National Cheng Kung University and maintained in the pathogen-free facility. The animals were raised and cared for according to the guidelines set up by the National Science Council (Taiwan, Republic of China). The mouse experiments were approved by the institutional animal care and use committee. Bone marrow-derived macrophage cells were obtained by flushing the bones of the hind leg of C57BL/6 mice with RPMI 1640 (Invitrogen, Carlsbad, CA). Cells were then cultured for 6 d in RPMI 1640 with 10% heat-inactivated FCS (Thermo Scientific HyClone, South Logan, UT), recombinant murine granulocyte/M-CSF (10 ng/ml final concentration; Peprotech, Rocky Hill, NJ) in 10-cm Petri dishes at a concentration of 0.5 3 10 6 cells/ml. Macrophage cells were used for experiments on day 6.
Synthesis of different sizes of GNPs and fluorescein-PEG-tagged GNP preparation
GNPs were prepared according to the method developed by Frens (27) . All glassware used in these preparations was thoroughly cleaned in aqua regia (3 parts HCl and 1 part HNO 3 ), and all solutions were made using 18-MV-deionized, 0.22-mm-filtered water (DIF H 2 O). Briefly, 1 ml 12.7 mM chloroauric acid (Sigma-Aldrich) was added to 54 ml DIF H 2 O, and the solution was heated to boiling. Next, 940 ml, 670 ml, and 470 ml 38.8 mM trisodium citrate solution (Merck KGaA, Darmstadt, Germany) were added to the solution to synthesize 19-, 35-, and 45-nm GNPs, respectively. For 11-nm GNP, 4 ml 12.7 mM chloroauric acid was added to 49 ml DIF H 2 O, and then 5 ml 38.8 mM trisodium citrate solution was added to the boiling solution. Four-nanometer GNP was prepared by borohydride reduction of the gold salt. Briefly, 1.968 ml 12.7 mM chloroauric acid was added to 96.432 ml DIF H 2 O. The chloroauric acid solution was stood on ice for 10 min. Then, 1 ml 50 mM trisodium citrate solution was added to the solution for 1 min prior to reduction by adding 0.6 ml 0.5 M ice-cold sodium borohydride solution (Sigma-Aldrich). All GNPs were washed with DIF H 2 O and further concentrated by centrifugation to remove impurities. For fluorescein-PEG-tagged GNP (F-GNP) preparation, 4-nm GNP was functionalized with S-PEG3000-NH 2 (Rapp Polymere GmbH, Tübingen, Germany) prior to conjugation with NHS-fluorescein (Thermo Fisher Scientific, Rockford, IL). The F-GNPs were further purified and concentrated by centrifugation. Transmission electron microscopy (TEM) assessment confirmed a good distribution. The fluorescent emission peak of F-GNPs was 521 nm by excitation at 495-nm light.
Microscopic observation
For observing the intracellular trafficking of GNPs, Raw264.7 cells (5 3 10 4 ) were seeded on glass coverslips in each well of 24-well plates and incubated with F-GNPs at 40 mg/ml at 37˚C for 15, 30, 60 min or 24 h. At various time points postincubation, the cells were fixed with 4% paraformaldehyde, pH 7.4, at room temperature for 10 min, and then washed three times with PBS. Anti-EEA1 and anti-LAMP-1 primary Abs, followed by Alexa 594-labeled secondary Ab (Invitrogen), were used for early endosome and late endosome/lysosome staining. Prepared cells were mounted with mounting medium and photographed using Olympus FV1000 confocal microscopy, and the Workstation system was used for data analysis. Other fluorescent microscopy examinations including TLR9 immunofluorescent staining and CpG-ODN-FITC intracellular trafficking were similar to the above description. For TEM analysis, 4-nm GNP-treated Raw264.7 cells at 24 h were fixed with 4% glutaraldehyde and postfixed in 1% OsO 4 . The cells were observed under a transmission electron microscope (Hitachi 7000, Tokyo, Japan).
Cytokines and nitrite measurement
All cytokines in conditioned medium were determined by using a commercial ELISA kit following the manufacturer's protocol (R&D Systems). The nitrite level was determined by modified Griess reagent (SigmaAldrich).
Western blotting analysis
The Raw264.7 cells were lysed in cell lysis buffer (Cell Signaling Technology), kept on ice for 30 min, and centrifuged at 12,000 rpm for 30 min. The supernatant was collected, and total protein concentration of the samples was measured by Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). Equal amounts (50 mg) of cell lysates were fractionated by 12% SDS-PAGE. Then, the proteins were transferred onto a polyvinyl difluoride membrane. After the overnight incubation with appropriate primary Ab, the membrane was stained with proper secondary HRPconjugated Abs (Cell Signaling Technology) and visualized with ECL detection reagents (PerkinElmer Life Sciences, Boston, MA).
Quantitative RT-PCR
Total RNA was extracted from cells using TRI Reagent (Molecular Research Center, Cincinnati, OH). One microgram of total RNA was used as a template to make the first strand of cDNA using the Promega reverse transcriptase system (Promega, Madison, WI). Mouse TLR9 primers used for the PCR reaction have been reported by Edwards et al. (28) , and the sequences used were as follows: forward, 59-TTGGT CTGCA CCTCC AACAG T-39; reverse, 59-TGGGC CCATT GTGAT GAAC-39. The housekeeping gene b-actin was used as a reference, and the sequences were as follows: forward, 59-TCACC CACAC TGTGC CCATC TACGA-39; reverse, 59-CAGCG GAACC GCTCA TTGCC AATGG-39. Quantitative RT-PCR was performed on cDNA aliquots by using a KAPA SYBR FAST qPCR Kit (Kapa Biosystems, Woburn, MA).
Phagosome isolation
Raw264.7 cells (2 3 10 6 ) were preincubated with or without 4-nm GNPs for 24 h and further incubated with ∼2 3 10 7 2.8-mm BSA-conjugated magnetite beads (Dynabeads M-280 Tosylactivated; Invitrogen) for various durations. The conjugation of BSA on the magnetite beads was performed according to the manufacturer's protocol. After rigorous washing in PBS, Raw264.7 cells were scraped into 3-ml sucrose homogenization buffer (SHB: 0.25 M sucrose in 10 mM Tris-HCL, pH 7.4) and pelleted by centrifugation. Cells were resuspended in 1 ml SHB and disrupted by passing them through a 25-gauge needle. The cell breakage was monitored by light microscopy until ∼90% cells were disrupted. The disrupted cells were processed to purify intact phagosomes by magnetic separation. For CpG-ODN stimulation, Raw264.7 cells were pulsed for 30 min with magnetic beads and then chased for 90 min in the presence or absence of CpG-ODNs (0.5 mM). After washing with Tris buffer (150 mM KCl in 10 mM Tris-HCl buffer, pH 7.4), phagosome pellets were resuspended in 40 ml Tris buffer supplemented with protease inhibitor mixture and 1% Triton X-100. Protein concentrations were normalized by the Micro BCA Protein Assay Kit (Thermo Fisher Scientific), and 5 mg of proteins was analyzed by Western blot.
Cathepsin L activity assay
Cathepsin L activity was determined by using a commercial InnoZyme Cathepsin L Activity Kit, Fluorogenic, following the manufacturer's protocol (Calbiochem, EMD Chemicals, Darmstadt, Germany).
Isolation of GNP-bound proteins from lysosomes
Raw264.7 cells (1 3 10 7 ) were treated with 10, 20, and 40 mg/ml 4-nm GNPs for 24 h. After washing in PBS, GNP-containing Raw264.7 cells were scraped into 3 ml SHB and pelleted by centrifugation (1200 rpm for 6 min). Cells were resuspended in 1 ml SHB and disrupted by passing them through a 25-gauge needle. The cell debris and nondisrupted cells were pelleted by centrifugation at 1200 rpm for 10 min. The supernatants were processed to purify crude GNP-containing lysosomes by centrifugation at 8000 rpm for 15 min. After washing in Tris buffer, the pellets were lysed with 200 ml lysis buffer, kept on ice for 30 min, and centrifuged at 10,000 rpm for 15 min. The GNP-containing pellets were washed three times with PBS using vigorous pipetting to remove excess lysosomal proteins, followed by incubation with 50 mM DTT. After 18 h at 4˚C with intermittent shaking, the solutions containing displaced proteins were separated from the GNPs by centrifugation of the GNP aggregates and were then further analyzed by silver staining and Western blot.
HMGB-1 and GNP in vitro binding assay
Raw264.7 cells (3 3 10 7 ) were permeabilized with 2 ml digitonin (50 mg/ ml) in ice-cold 0.25 M sucrose-HEPES-buffered saline supplemented with protease inhibitor mixture for 30 min at 4˚C prior to centrifugation at 12,000 rpm for 30 min at 4˚C. The supernatants containing cytoplasmic proteins were collected and filtered with a 100-kDa Amicon Ultra-4 Centrifugal Filter Unit (Millipore, Billerica, MA) to remove any cell debris contaminants. The filtered cytoplasmic proteins were further concentrated by using a 10-kDa Amicon Ultra-4 Centrifugal Filter Unit and washed with 10 mM phosphate buffer (pH 7.2) to remove any detergent, sucrose, and salts. Finally, the cytoplasmic proteins were concentrated and preserved in phosphate buffer. The total protein concentration of the samples was measured by Bio-Rad Protein Assay. Cytoplasmic proteins (1.2 mg) containing HMGB-1 were incubated with different amounts of GNPs at 4˚C overnight. The GNP bound fraction (GNP-absorbed) was separated by centrifugation (14,000 rpm, 2 h, 4˚C). The GNP bound materials (GNP-eluted) were eluted by 50 mM DTT at 4˚C overnight. Then, both the absorbed fraction and the GNP-eluted fraction were run on Western blot with anti-HMGB-1 Ab.
Statistical analysis
Statistical significance was determined by unpaired t test: *p , 0.05, **p , 0.01, ***p , 0.001.
Results
GNPs specifically inhibit the CpG-induced cytokines and NO in macrophages
We first investigated the effect of GNPs on TNF-a production upon stimulation with various TLR ligands in macrophages. It was found that the TNF-a production induced by LTA (TLR2), poly I:C (TLR3), or LPS (TLR4) was not affected by GNPs and was sometimes even enhanced. In contrast, the CpG-ODN (TLR9)-induced TNF-a production was significantly inhibited at both 0.1 mM and 1 mM doses, whereas the imiquimod (TLR7)-induced TNF-a production was inhibited at a low dose of 1 mM (Fig. 1A) . The CpG-ODN-induced IL-6, IL-12p40, and nitrite production were also inhibited in GNP-treated Raw264.7 cells (Fig. 1B) . In addition, GNPs also showed efficient inhibition of CpG-ODNinduced, but not LPS-induced, TNF-a and IL-6 in bone marrow-FIGURE 1. GNP attenuates the TLR signaling in macrophages. A, Four-nanometer GNP attenuates TLR9/7 agonist-induced TNF-a production in Raw264.7 cells. Raw264.7 cells pretreated with 40 mg/ml 4-nm GNPs for 24 h were then incubated with LTA (for TLR2), poly I:C (for TLR3), LPS (for TLR4), imiquimod (for TLR7), or CpG-ODNs (for TLR9) for 3 h. The TNF-a production was determined by ELISA. B, Four-nanometer GNP attenuates CpG-ODN-induced IL-6, IL-12p40, and nitrite production in Raw264.7 cells. Raw264.7 cells pretreated with 40 mg/ml 4-nm GNPs for 24 h were then incubated with LPS (10 ng/ml) or CpG-ODNs (0.1 mM) for 24 h. The IL-6 and IL-12p40 production was determined by ELISA. The nitrite production was determined by using modified Griess reagent. N.D., not detectable. C, Four-nanometer GNP attenuates CpG-ODN-induced TNF-a and IL-6 production in bone marrow-derived macrophages. Bone marrow-derived macrophages pretreated with 40 mg/ml 4-nm GNPs for 24 h were then incubated with LPS (10 ng/ml) or CpG-ODNs (1 mM) for 6 h. The TNF-a and IL-6 production was determined by ELISA. Error bars represent SDs from triplicate samples. The experiments were repeated at least three times. derived macrophages (Fig. 1C) . Furthermore, CpG-ODNs or LPS can enhance the cell surface expression of CD80, CD86, CD204, CD206, F4/80, and MHC class II molecules in Raw264.7 cells. However, only the CpG-ODN-induced surface expressions were inhibited by GNPs (Supplemental Fig. 1 ). Although TLR9 mRNA expression was slightly upregulated in the GNP-treated Raw264.7 cells (Supplemental Fig. 2A ), the TLR9 functions were still inhibited by GNPs. Using the CpG-ODN-FITC to trace CpG-ODN intracellular traffic, GNPs did not inhibit the CpG-ODN uptake or its internalization in endosomes or lysosomes in Raw264.7 cells (Supplemental Fig. 2C-E) . Based on the above data, we concluded that GNPs could inhibit the CpG-induced TLR9 functions in macrophages.
Size-dependent attenuation of TLR9 function by GNPs
We next examined whether the inhibitory effect of TLR9 signaling is dependent on GNP size. GNPs of different sizes ranging from ∼4 to ∼45 nm were prepared, and the TEM images confirmed their size distribution. The average diameter of GNPs was a) 3.8 6 0.6 nm, b) 11.3 6 1.3 nm, c) 19.2 6 2.1 nm, d) 35.4 6 5.6 nm, and e) 45.0 6 4.3 nm, respectively ( Fig. 2A, a-e) . None of these sizes of GNP was cytotoxic to Raw264.7 cells at the high dose (40 mg/ml) tested ( Fig. 2A, f) . The inhibition of the CpG-ODN-induced TNF-a production was GNP size dependent, with the 4-nm size of GNP being the most potent (Fig. 2B) . Although all sizes of GNP can be phagocytosed efficiently by Raw264.7 cells, the amount of uptake is greatest for the 35-nm size of GNP and least for the 4-nm size (Fig. 2C) . However, when considering the number of GNPs taken up per cell, the cellular uptake of 4-nm GNP by Raw264.7 cells becomes the highest (Fig. 2D) (Fig. 2E ). Our data demonstrate that all sizes of GNPs could suppress CpG-ODN-induced TNF-a production in Raw264.7 cells. The most effective inhibition of the CpG-ODN-induced TNF-a production by the 4-nm GNP may be attributed to its greater cellular uptake and higher total surface area for modulation of TLR9 function.
GNP impairs CpG-ODN-induced activation of IkB/NF-kB and modulates the MAPK pathway
The TLR9 signaling cascade involves NF-kB-inducing kinase (NIK)-IKK-IkB and MAPK pathways, such as p38, JNK, and ERK (29, 30) . To investigate which TLR9 signaling molecules were impaired by GNPs in Raw264.7 cells, the phosphorylation of NF-kB, IkB, JNK, p38, and ERK1/2 in CpG-ODN-stimulated Raw264.7 cells was compared with nontreated versus GNPtreated cells. In the NIK-IKK-IkB pathway, the kinetic phosphorylation of IkB-a showed a biphasic pattern with a first peak at 15 min and a second peak at 120 min after CpG-ODN treatment. However, the GNP pretreatment altered this pattern: the first peak of p-IkB-a at 15 min was increased, but the second peak at 120 min was decreased (Fig. 3A, top panel) . The phosphorylation of NF-kB was also modulated accordingly. The p-NF-kB was decreased at 30 and 120 min after CpG-ODN stimulation in nontreated macrophages, but only p-NF-kB at 120 min was decreased in GNP-treated macrophages. The GNPs in lysosomes can therefore apparently modulate the IkB-NF-kB phosphorylation. Furthermore, the MAPK pathways were also altered in GNPtreated macrophages after CpG-ODN stimulation (Fig. 3A, bottom panel) . The phosphorylation of JNK was inhibited in GNPpretreated macrophages. In contrast, the phosphorylation of p38 was increased and sustained until 120 min after CpG-ODN stimulation in GNP-treated macrophages compared with that in nontreated macrophages. For ERK1/2 phosphorylation, there was still a higher level of p-ERK1/2 at 120 min in GNP-treated macrophages than that in the control. For the CpG-ODN-induced TNF-a production, these signal molecules were involved because inhibitors such as PDTC (for NF-kB), SP600125 (for JNK), PD98059 (for MEK1/2), or SB203580 (for p38) could inhibit the TNF-a production in Raw264.7 cells, and PDTC was the most potent (Fig. 3B) . We further used a NF-kB reporter assay of secreted SEAP activity to evaluate the GNP effect. Fig. 3C shows that GNPs could attenuate CpG-ODN-stimulated, but not LPSstimulated, NF-kB activation. Taken together, these findings suggest that GNP modulates CpG-ODN-induced NF-kB and MAPK pathways, and the NF-kB pathway seems to be the most important for the inhibition of TNF-a production.
GNPs accumulated in lysosomes enhance the expression and activities of cathepsin enzymes
To trace the localization of GNPs in macrophages, we prepared FGNPs. Raw264.7 macrophage cells were incubated with F-GNPs for various times and observed under confocal microscopy. At 15 min postincubation, the F-GNP was first colocalized with early endosome marker EEA1-positive vesicles. At 30 min or thereafter, almost all of the F-GNP was colocalized with lysosome marker LAMP-1-positive vesicles (Fig. 4A) . The electron microscopy observation also showed that the high electron density GNP is accumulated in lysosomes at 24 h (Fig. 4B) . In addition, the accumulation of GNPs did not cause a significant lysosomal membrane permeability change in Raw264.7 cells (Supplemental Fig.  3) . Recent reports have shown that specific inhibitors of cysteine proteases, including cathepsin K (CTSK), cathepsin L (CTSL), cathepsin S (CTSS), and cathepsin B (CTSB), can block the TLR9 signal transduction in dendritic cells and macrophages (31, 32) . Gold compounds [Au (1)], including gold thiomalate (Myochrysin) and Auranofin, have been reported to inhibit these cathepsins in in vitro biochemical and cell-based assays (33, 34) . Because GNP [Au (0)] preferentially binds to the sulfhydryl residues of proteins and influences their biological functions (14, 15) , it is reasonable to presume that GNPs may have an inhibitory effect on cathepsin activities. Therefore, we determined the expression and activity of lysosomal proteases in GNP-treated macrophages. Expression of CTSL, CTSS, CTSB, and CTSK was upregulated in GNP-treated Raw264.7 cells 24 h later, and this enhancement occurred in a dose-and size-dependent manner (Fig. 4C) . GNP of 4-nm size was the most potent in enhancing the cathepsin expression as shown by Western blot analysis. The enzyme activity of CTSL was also enhanced in a size-dependent manner, with the 4-nm size of GNP still observed to be the most potent (Fig. 4D) . Thus, GNP accumulation in lysosomes enhances the expression and activities of cathepsin enzymes in macrophages. However, the elevation of cathepsins by GNPs may not be attributable to the attenuation of TLR9 signaling in our studies.
GNP affects the TLR9 translocation to sites of CpG and phagosomes
A previous study has shown that TLR9 could be recruited to endocytosed CpG DNA (35) . TLR9 resides in the endoplasmic reticulum and will redistribute to endolysosomes (35, 36) and undergoes processing to generate functional receptors (37) . To understand further how the GNPs accumulated in lysosomes affect CpG-ODN-induced TLR9 signaling, we incubated Raw264.7 cells with CpG-ODN-FITC and visualized TLR9 by immunofluorescence staining. Fig. 5A indicates that TLR9 translocates to sites of CpG-ODNs as early as 5 min after incubation in non-FIGURE 3. GNP impairs CpG-ODN-induced signaling pathway of IkB/NF-kB and MAPK pathway in Raw264.7 cells. A, Raw264.7 cells were pretreated with 40 mg/ml 4-nm GNPs for 24 h and then stimulated with 0.5 mM CpG-ODNs. At various times poststimulation, the lysates were analyzed by Western blot. Top panel, p-IkB-a, IkBa, p-NF-kB, and NF-kB expression. Bottom panel, p-JNK, JNK, p-p38, p38, p-ERK1/2, and ERK1/2. a-Tubulin was used as a loading control. B, Inhibition of CpG-ODN-induced TNF-a production. Raw264.7 cells were pretreated with pharmacological inhibitors of NFkB (PDTC, 50 mM), JNK (SP600125, 10 mM), p38 (SB203580, 10 mM), and ERK (SB98059, 10 mM) for 45 min and then stimulated with CpG-ODNs (0.5 mM) for 3 h. The TNF-a was determined by ELISA. All inhibitors were diluted in DMSO. The samples treated with DMSO and stimulated with CpGODNs were used as a control group. The TNF-a production of all inhibitor treatments was compared with that of DMSO plus CpG-ODNs. C, CpG-ODNinduced NF-kB activation was impaired by GNPs. RAW-Blue cells were pretreated with 40 mg/ml 4-nm GNPs for 24 h and then stimulated with 0.1 mM CpG-ODNs or 10 ng/ml LPS for 24 h. Culture supernatant was collected to determine the secreted alkaline phosphatase as the NF-kB activity following the manufacturer's protocol. Error bars represent SDs from quadruplicate samples. The experiments were repeated at least two times. treated cells. However, no colocalization of TLR9 with CpG-ODNs was observed at the times of 5 and 15 min in GNP-treated cells. To trace further the TLR9 translocation, the phagosomes from GNP-treated Raw264.7 cells were purified and analyzed. The cells were treated with magnetic beads for a short period of time (30-120 min) to allow the phagosomes that contain magnetic beads after uptake to be separated by the magnetic field. We also ruled out the possibility that GNP treatment may affect the phagocytosis ability of Raw264.7 cells (Supplemental Fig. 2B ). In Fig. 5B , we observed that the TLR9 cleavage fragment (c-ter-TLR9, ∼65 kDa) was enriched in phagosomes at 120 min after magnetic bead uptake in control macrophages. The translocation of c-ter-TLR9 to phagosomes was inhibited in the GNP-treated Raw264.7 cells at 120 min after phagocytosis of magnetic beads. The lysosomal protein LAMP-1 was used as the indicator of phagosome preparation and was increased after GNP phagocytosis. Upon CpG-ODN stimulation, the TLR9 cleavage and its translocation to phagosomes were increased (38) . When we added CpG-ODNs to Raw264.7 cells were incubated with 4-nm GNPs at indicated concentrations (left panels) or 40 mg/ml of various sizes of GNPs (right panels). The lysates from nontreated and GNP-treated Raw264.7 cells were subjected to immunoblotting using Ab against CTSL, CTSS, CTSB, and CTSK. Pro, m, SC, and HC indicate proform, mature form, single-chain form, and H chain form, respectively. An asterisk (*) indicates that CTSS may have an additional immature form. D, Size-dependent GNP enhancement of CTSL enzyme activity. Raw264.7 cells were incubated with various sizes of GNPs at 40 mg/ml for 24 h. The CTSL enzyme activity of lysates from Raw264.7 cells was determined. The CTSL activities of all GNPs were compared with control. The experiments were repeated at least two times. FIGURE 5. GNP impairs TLR9 translocation in response to CpG and TLR9 translocation to phagosomes in Raw264.7 cells. A, The translocation of c-ter-TLR9 in response to CpG was inhibited by GNPs. Raw264.7 cells were treated with 40 mg/ml 4-nm GNPs for 24 h and then incubated with CpG-ODN-FITC (3 mM) for 5 and 15 min. Then, cells fixed and stained with anti-TLR9 Ab (red) and Hoechst 33258 (blue) were observed with confocal microscopy. B and C, The translocation of c-ter-TLR9 to phagosomes was inhibited by GNPs. Raw264.7 cells were treated with magnetic beads and then stimulated without (B) or with (C) CpG-ODNs (0.5 mM). Magnetic bead-containing phagosomes were purified by magnetic field. The lysates of purified phagosomes from the cells were separated by SDS-PAGE and probed with Abs against the indicated proteins. FL-TLR9, full-length TLR9; c-ter-TLR9, C-terminal fragment of TLR9. the culture, the translocation of cleaved TLR9 fragments in phagosomes was not altered. Again, the GNP-treated Raw264.7 cells still have a lower level of processed TLR9 in phagosomes than in the control (Fig. 5C ). Taken together, these data demonstrate that GNPs accumulated in lysosomes could affect the TLR9 translocation in response to CpG-ODNs as well as TLR9 translocation to phagosomes.
GNP binds HMGB-1 in the lysosomes
To explore further the mechanism of GNP-mediated inhibition of the TLR9 signal, the lysosomes were separated from GNP-treated Raw264.7 cells, and GNP-binding proteins in lysosomes were also purified. Fig. 6A shows additional proteins that were found in the 4-nm GNP-treated Raw264.7 cells but not in the nontreated cells according to the silver stain of SDS-PAGE. The regions 1-3 mark the proteins that may interact with the GNPs in lysosomes, including molecular mass 55∼72 kDa (region 1), 40∼45 kDa (region 2), and 24∼34 kDa (region 3). The 30 kDa-nucleic acid sensor HMGB-1 has recently been shown to regulate the TLR9-mediated inflammatory responses to CpG-ODNs (6-8). Using anti-HMGB-1 Ab in a Western blot analysis, we can detect HMGB-1 in region 3. The amount of HMGB-1 detected was GNP dose dependent, with more HMGB-1 being found from the 40 mg/ ml-treated GNP-binding proteins in lysosomes (Fig. 6B) . We also detected the single-chain and H chain of CTSL in region 3, but the proform (∼39 kDa) of CTSL was not detected in region 2. The c-ter-TLR9 in region 1 was also found, but no difference was found after GNP treatment. LAMP-1 was used as a nonlysosomal protein contaminant control in the isolated GNP-binding proteins. HMGB-1 is known to be localized in the cytoplasmic space and can be released into the supernatant fraction from cellular organelles during the fractionation procedure (39) . To confirm further that GNP can bind with HMGB-1, we prepared the cytoplasmic fraction containing the HMGB-1 protein from Raw264.7 cells as materials for binding to GNP. Western blot analysis revealed that the amount of HMGB-1 in the supernatant decreased as the added GNP increased (Fig. 6C, GNP-absorbed panel) . Accordingly, increased HMGB-1 was observed with increasing GNP (Fig. 6C, GNP-eluted panel) . Furthermore, confocal microscopy images show that partial amounts of HMGB-1 were located in LAMP-1-positive lysosomes (Fig. 6D) , as reported by a previous study (40) . These data suggest that GNP-attenuated TLR9 signaling may be through interaction with HMGB-1 in lysosomes.
Discussion
Macrophages are the major professional cells to recognize and respond to nanoparticles in the body (22, 41, 42) . Although GNPs are believed to be chemically inert, nonimmunogenic, and biocompatible, our results have shown that TLR9 signaling and function are modulated after internalized GNPs have accumulated in lysosomes. This attenuation of the CpG-ODN-induced TLR9 signaling by GNPs in macrophages is size dependent. The smallest 4-nm size of GNP is the most potent in the inhibition of the TLR9 signal because it contains the highest surface area among the different sizes of GNP. It also reflects the high amount of GNP surface binding to molecules in the lysosomal compartments such as to the common DNA sensor HMGB-1. GNPs, especially at the small size of 4 nm, cannot be considered as cellularly inert because they can modulate the biological function by binding to important signal molecules in cells.
Many nanomaterials have been reported to induce inflammatory responses, such as silica nanoparticles, cetyltrimethylammonium bromide-coated gold nanorod, and titanium dioxide nanoparticles (43) (44) (45) . However, few studies have focused on the effect of nanoparticles on TLR stimulation. Lucarelli et al. (46) have shown that TLR9 expression was decreased in silica nanoparticletreated U937 cells. Castillo et al. (47) also showed that tiopronin monolayer-protected silver nanoparticles affected the TLR3 ligand and TLR9 ligand-induced IL-6 secretion in Raw264.7 cells. Bare silver nanoparticles are toxic and need surface modification to achieve low cytotoxicity and high stability (48) . In our study, the modulatory effects of GNPs on TLR9-mediated signaling primarily occurred in lysosomes, not the TLR9 mRNA synthesis (Supplemental Fig. 2A) . Without surface modification, bare GNP showed excellent inhibition of CpG-ODN-induced TLR9 signal- FIGURE 6 . GNP binding to HMGB-1 and CTSL in the isolated GNP-containing lysosomes. A, Silver staining of purified proteins from GNP-containing lysosomes. Raw264.7 cells were incubated with 4-nm GNPs at indicated concentrations for 24 h. The GNPcontaining lysosomes were purified by ultracentrifuge. The lysosomes were lysed, and the GNP-binding proteins were eluted by DTT (see Materials and Methods) and run on SDS-PAGE and then silver stained. B, The eluted proteins were also separated by SDS-PAGE and probed with Abs against HMGB-1, CTSL, TLR9, and LAMP-1 on Western blot. The LAMP-1 was used as a nonlysosomal protein contaminant control in the isolated GNP-binding proteins. C, GNPs bind to HMGB-1. The cytoplasmic proteins containing HMGB-1 were incubated with different amounts of 4-nm GNPs. After centrifugation, the supernatants (GNP-absorbed) and the proteins eluted from GNP-containing pellets by DTT (GNP-eluted) were collected and probed with Ab against HMGB-1. D, HMGB-1 was partially located in lysosomes. Raw264.7 cells were fixed and stained with Abs against HMGB-1 and LAMP-1. The arrows indicate that HMGB-1 was colocalized with LAMP-1-positive lysosomes.
ing. This is thus, to our knowledge, the first report of nonconjugated GNPs inhibiting or modulating the TLR9 signaling.
The mechanism for this size-dependent effect is different from other studies. Jiang et al. (24) reported that Herceptin-conjugated GNP could activate the ErbB2 receptor in a size-dependent manner. The Herceptin-conjugated GNPs of 40-or 50-nm size are the most effective to internalize into ErbB2-overexpressed SK-BR-3 cells and therefore more effective with regard to their effect on the conjugated protein. Oh et al. (23) also showed that the cytotoxicity of silica-titania hollow nanoparticles (HNPs) on macrophages was consistent with the cellular internalization efficiency of HNPs. Fifty-nanometer HNPs demonstrated the highest cytotoxicity, and cationic 50-nm HNPs were even more toxic and exhibited the highest uptake efficiency. The findings of these two studies can be explained by the amount of internalization involved. The size of 50 nm is the most efficiently internalized and therefore more effective with regard to its effect on the conjugated protein as well as on surface functioning. In our studies, we used bare nanogold particles that will directly bind to the sulfhydryl or amine residues of molecules in the lysosome, which is the major deposition site after internalization. The 35-nm size of GNP is the most efficiently phagocytosed by professional macrophages (Fig.  2C ), but the 4-nm GNP is the most potent for modulating the functions in the internalized compartment of lysosomes (Fig. 2B) . One possibility is that 4-nm GNPs have the largest total surface area compared with other sizes of GNPs (Fig. 2D, 2E) . The large relative surface area of the smaller GNP may increase its binding ability to lysine-or cysteine-rich proteins. Moreover, larger GNPprotein complexes have higher binding avidity (24) . In contrast, smaller GNP-protein complexes are unstable, and so GNPs may become more active until they are stabilized by stronger binding, such as with gold-thiol interaction. In addition, proteins interacting with GNPs may experience some blocking of their activities (14, 15) . Therefore, the 4-nm GNP size being the most potent for modulating TLR9 functions may be attributable to its large total surface area inside macrophages.
TLR9 elicits the MyD88-dependent pathway involving NIK-IKK-IkB and MAPK pathways (5, 29) . In our study, TLR9 signaling was attenuated by GNPs. Therefore, all downstream signaling molecules including IkB/NF-kB, JNK, p38, and ERK should be inhibited as well. However, we found that only IkB/NFkB and JNK signal pathways could be affected by GNPs (Fig. 3A) . In addition, the p-p38 and p-ERK pathways were significantly upregulated in GNP-treated macrophages without CpG-ODN stimulation (Fig. 3B) . These results suggest that the accumulation of GNPs in lysosomes might act as an intracellular stress and further activate MAPK signaling (49) . Thus, the inhibition of CpG-ODN-induced p38 and ERK signaling by GNPs could not be observed in our study. However, the activation of MAPK signaling by GNPs may cause the increased expression of TLR9 mRNA (Supplemental Fig. 2A ) (50) . Because we did not find that any cytotoxicity occurred in various sizes of GNPs in macrophages ( Fig. 2A, f) , the increased phosphorylation of p38 and ERK, which regulates macrophage survival by inducing the transcription of antiapoptotic genes, may play an important role in the cell proliferation of GNP-treated macrophages.
In studying the mechanisms for how GNPs accumulated in lysosomes impair TLR9 function, we found that GNPs can interact and bind with HMGB-1 in lysosomes (Fig. 6B) . The nucleic acid sensor HMGB-1 has recently been shown to regulate the TLR9-mediated inflammatory responses to CpG-ODNs (6, 7). HMGB-1 is constitutively associated with TLR9, and its absence impairs the activation of TLR9 in macrophages (6, 8) . CpG-ODNs combined with HMGB-1 can enhance the TLR9-mediated TNF-a production (6, 7). Hmgb1 2/2 macrophages and dendritic cells have reduced recognition of CpG-ODNs (6). In our studies, the GNPs could efficiently bind to HMGB-1. Therefore, we propose that GNP binding to HMGB-1 plays an important role in the attenuation of TLR9 function. The GNP binding to protein can induce conformational change of protein structure (51) .The GNP-HMGB-1 complex may change the HMGB-1 conformation and affect the folding or the binding of the HMGB-1-CpG-ODN complex and thus attenuate TLR9 function. Although there are no reports suggesting that the conformational change of the TLR9 dimer that is required for TLR9 activation requires HMGB-1, we also propose that the GNP-HMGB-1 complex might cause impairment of the conformational change of the TLR9 dimer (52) . In addition, HMGB-1 accelerates the redistribution of TLR9 to early endosomes in response to CpG-ODNs (6) . Therefore, the GNP-HMGB-1 complex may affect the TLR9 redistribution in response to CpGODNs (Fig. 5A) or phagosomes (Fig. 5B, 5C ). Although we found that GNP binds to HMGB-1, there are other endolysosomal GNPbinding proteins (Fig. 6A ) that need to be identified and to determine further whether they are involved in the regulation of TLR9 function.
In our study, GNPs can induce expression and activity of CTSL, CTSS, CTSB, and CTSK in a dose-and size-dependent manner (Fig. 4C, 4D ). Specific inhibition of cysteine proteases can block the TLR9 signaling (31, 32) . Although there are no confirmatory reports, we presume that the overexpression of cathepsins may increase TLR9 function. However, the elevation of cathepsins by GNPs did not enhance TLR9 function but inhibited it instead. Another explanation for the inhibition of TLR9 function by GNPs is that GNP-induced cathepsin expression and activities may cause TLR9 degradation. Although it blocked excess lysosomal protease activities by a cysteine protease inhibitor, E64d inhibited TNF-a production as expected, but again, it did not restore the GNPimpaired CpG-ODN-induced TNF-a production and also did not recover the GNP-impaired phagosomal translocation of cleaved TLR9 (data not shown). Thus, the mechanism of GNP action is not the same as that of E64d. This suggests that although the TLR9 activation may indeed need protease procession, it also requires other molecules to complete the function; for example, HMGB-1.
Previous studies showed that the inhibition of TLR9 function in macrophages may have beneficial effects in the treatment of some diseases, such as lupus nephritis and autoimmune diseases (53, 54) . In this study, we demonstrate that GNPs, especially the small size (4 nm), have a potent modulatory activity in lysosomes once ingested into macrophages. The excellent inhibition of the 4-nm GNP on TLR9 function may offer further possibilities of therapeutic manipulation. Nevertheless, although GNP is not cytotoxic, its signal modulation on TLR9-related or HMGB-1-related functions should be considered when determining safe application to biomedical use. 
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